impact, ding, bell-ringer, or knockout, in the present study we defined concussion as incorporating all of the aforementioned terms and descriptions. Moreover, according to this injury severity definition, head injury severity must be consistent with a clinically diagnosed AIS 18 score of 1 (mild cerebral concussion without loss of consciousness) or 2 (cerebral concussion with loss of consciousness < 30 minutes) or with clinically silent subconcussive injuries.
There is increasingly intense government and media focus on the brain health implications of concussion in youth, collegiate, and professional American football players. Recently, as a possible sequela of the cumulative effect of clinically symptomatic concussive and clinically silent subconcussive impacts, the careers, and in some cases the lives, of a number of high-profile football players have ended prematurely. Concerns regarding the immediate and long-term effects of multiple concussive and subconcussive impacts on the brain health of football players have led to escalating demands for improvements in helmet design and testing standards, 7, 8 as well as for a reevaluation of athlete training regimens and on-field safety-related rules and regulations. 3, 4, 10, 49, 56 Despite this heightened awareness surrounding concussion, much remains unknown about the risks of football-related head impact doses. Furthermore, only recently have American football leagues begun instituting safety measures to restrict head impact doses by limiting the number of impacts sustained in practices or games (http://www. nytimes.com/2011/07/20/sports/ncaafootball/collegefootball-to-protect-players-ivy-league-to-reduce-contact. html). (Note that youth baseball has for years provided a model for injury risk reduction via discrete pitch counts to limit upper-extremity overuse.) Most importantly, in 2011, the US Congress recognized the urgent need to help prevent potential concussion in millions of children playing tackle football by introducing legislation to mandate standard means of evaluating youth football helmet protectiveness. 7, 8 While the NOCSAE standard has done much to advance 20th century football helmet protectiveness in higher-dose impacts responsible for catastrophic injury (helmet-to-anvil impacts resulting in several hundred times the force of gravity, or g units), the more frequent on-field impacts occurring at a lower dose (helmet-tohelmet impacts < 75g) have yet to be studied in depth in a controlled laboratory setting. Furthermore, since youth helmets are scaled-down versions of varsity helmets for adults, the lack of knowledge surrounding adult helmet protection against lower-energy dose impacts, as well as the absence of any youth-specific helmet testing standards, may have serious brain health implications for the 3 million youths playing tackle football in the US annually (http://usafootball.com/sites/default/files/USA_Football_ one_pager_Dec_2010.pdf). To address the clinical significance of common lower-dose on-field impacts (for example, near and subconcussive head impacts), we critically analyzed in a controlled laboratory setting the protectiveness of all 11 available 21st century varsity helmets meeting the NOCSAE standard as well as 2 vintage leather helmets. This analysis was also performed to gain further insight into helmet designs and testing standards that minimize impact dose and injury risk for players of all ages. Therefore, rather than focusing solely on linear acceleration like the current NOCSAE standard, we focused on a multitude of important laboratory and on-field traumatic neuromechanics injury risk parameters: linear acceleration, angular acceleration, angular velocity, GSI, DAI, acute subdural hematoma, and brain contusion.
Methods

Our Study
In our testing, a stationary helmeted NOCSAE headform (size medium, Southern Impact Research Center, LLC) was attached to a Hybrid III male neckform (50th percentile, Humanetics Innovative Solutions) and was struck by a swinging NOCSAE headform (size medium) fitted with a Riddell VSR-4 varsity helmet (adult size large). The total pendulum swing weight was 6.2 kg. Eleven varsity helmets with polycarbonate shell and skill position face masks and meeting the NOCSAE football helmet standards 38, 39 (Table 1) were obtained from 4 manufacturers, were fitted on the stationary headform, and were struck by the swinging helmeted headform. Additionally, 2 vintage 20th century leather football helmets without face masks were fitted on the stationary headform and tested.
The NOCSAE headform was instrumented with 3 uniaxial 500g linear accelerometers (model M62, Measurement Specialties) in an orthogonal arrangement at the headform's center of gravity and with 3 uniaxial 210-radians/second angular velocity sensors (Diversified Technical Systems). For the angular velocity sensors, a planar rotation transform was implemented to transform the measured angular velocity into the linear accelerometer local reference frame. The base of the neck was bolted directly to the 6-channel force/moment transducer (Omega IP65, ATI Industrial Automation, Inc.). The force/mo- ment transducer defined the global reference frame and was stationary throughout the impact. It is important to note that the NOCSAE headform/Hybrid III neck attachment precluded the use of the standard Hybrid III Model 1706 upper neck load cell and that the neck forces and moments reported here approximate forces at the cervicothoracic junction. For each struck helmet, the front, oblique front, lateral, oblique rear, and rear directions were impacted at 2.0, 3.5, and 5.0 m/second in an attempt to closely match NOCSAE standard contact points on the headform (Figs. 1 and 2 and Table 2 ). For brevity, only the 5.0-m/second results are presented here. Each impact direction (5 directions) and velocity (3 velocities) was repeated 3 times for each helmet (13 helmets; 195 total impacts). Head, brain, and neck injury risk was quantified via several parameters: struck headform center of gravity linear acceleration, angular acceleration, angular velocity, GSI, neck force, and neck moment. All data were collected per Society of Automotive Engineers standards. 50, 51 The GSI was calculated from the filtered resultant linear acceleration. Angular acceleration was calculated from the filtered angular velocity derivative. As a secondary quantification, headform center of gravity linear acceleration and angular velocity data were used as inputs to the finite element model SIMon (version 3.051). The outputs from SIMon were calculated risk estimates for DAI, acute subdural hematoma, and brain contusion. 1, 2, 52 The SIMon Model
The SIMon model (National Transportation Biomechanics Research Center) consists of a 3D skull and brain with a rigid skull, dura-CSF layer, falx cerebri, whitegray matter, and bridging veins. 1, 2, 52 The model represents a 50th percentile male with a head mass of 4.7 kg. There are 10,475 nodes and 7852 elements, with 7776 hexagonal and 76 beam elements. At each time step, SIMon calculates 3 brain injury risk metrics: 1) cumulative strain damage measure (CSDM05), 2) relative motion damage measure (RMDM), and 3) dilatational damage measure (DDM). The CSDM05 is the cumulative percentage of brain volume experiencing ≥ 5% stretch over the duration of head impact loading. This 5% stretch value has been correlated with mild DAI (a result of angular brain motion) and transient depolarization. 1, 2, 52 The RMDM results indicate the risk of sustaining an acute subdural hematoma due to a bridging vein rupture. 1, 2, 52 More specifically, an RMDM value of 0.5 is equated with an 8% risk, a value of 1.0 is equated with a 50% risk, and a value of 2.0 is equated with a 98% risk of acute subdural hematoma. The DDM, which was developed as an estimate of vacuum contusions within brain tissue, 1,2,52 was calculated for all impacts.
Football Helmet Standards and the GSI
Football helmets used in the US must meet standards set by the NOCSAE, 38,39 which were introduced in 1973. The standards involve dropping a helmeted headform onto an elastomer-padded anvil. The headform is equipped with a 3-axis linear accelerometer to measure impact acceleration and deceleration only. The GSI 17 quantifies severe skull fracture and brain injury risk, not concussion:
where ã R (t) is the resultant headform center of gravity acceleration (g) and [0:T] is the user-defined impact duration (seconds).
To meet the NOCSAE standard, peak GSI must remain below 1200, equivalent to an approximately 17% risk of severe skull fracture and brain injury, 25, 34, 38, 39, 41, 42, 44, 53 as quantified by the AIS (Table 3) 18 and post-World War II head impact studies in humans and animals. 17 The NOCSAE standard GSI threshold is well in excess of the values associated with concussion, 24, 55 and all varsity helmets in use today vastly outperform the NOCSAE threshold.
Results
We tested the head impact protectiveness of 11 varsity helmets meeting the NOCSAE standard and 2 early 20th century leather helmets. Helmet-to-helmet impacts produced near-and subconcussive head impact doses approximately as severe as the 95th percentile of on-field collegiate and high school impacts, while impact energy and momentum were on par with NOCSAE standards. For many of the impacts, leather helmets demonstrated head impact doses and injury risks on par with or better than those demonstrated by several of the varsity helmets. Overall, the majority of impact dose results indicated a similar protectiveness profile for the leather helmet and the modern varsity helmets as regards impacts in the near-and subconcussive range studied.
As shown in Fig. 3 , traces for mean linear acceleration/time, mean angular acceleration/time, mean angular velocity/time, mean neck force/time, and mean neck moment/time for the leather helmets were similar or less severe than those for several of the varsity helmets.
When examining the mean of maximum values alone ( Fig. 4) , the linear acceleration, angular acceleration, angular velocity, GSI, neck force, and neck moment results for the leather helmet were on par with those for many of the varsity helmets.
After analyzing the impact response data, both the mean linear acceleration and mean angular velocity responses for each set of varsity and leather helmet impacts were used as inputs to drive the SIMon finite element brain injury risk prediction model ( Fig. 5A and B ). Considering the CSDM05 results shown in Fig. 5C , one of the leather helmets had the lowest DAI risk of all the varsity and leather helmets tested. In Fig. 5D the RMDM results indicated that the leather helmets were associated with a risk of acute subdural hematoma on par with the varsity helmets. The DDM results for both leather and varsity helmets were negligible in all impacts and thus were omitted.
Discussion
Concussion: A Clinical Perspective
From a clinical perspective, the mechanism of concussion has been theorized to result from an inertial, impulsive, and/or blunt trauma with acceleration and/or de-celeration energy transmitted either directly to the head or indirectly to the head through the torso and spine. The mechanisms by which concussion manifests are controversial and most likely multifactorial. Regardless of the actual injury mechanisms at the cellular level, concussion typically leads to the rapid onset of short-lived impairment of neurological function that resolves spontaneously. Symptom resolution may not be indicative of injury resolution. Any period of an observed or self-reported symptom complex, including transient confusion, disorientation, impaired consciousness, dysfunction of memory, or loss of consciousness lasting less than 30 minutes, may occur. Concussion can lead to neuropathological changes, but the acute clinical symptoms largely reflect functional disturbances rather than structural injuries. Concussive impacts are typically associated with grossly normal structural neuroimaging studies. Functional disturbances may include observed signs of neurological or neuropsychological dysfunction, headache, dizziness, irritability, fatigue, or poor concentration. Resolution of the clinical and cognitive symptoms usually follows a typical course.
Symptoms may be prolonged or persistent and may lead to permanent brain damage and diseases, symptoms, or conditions thought to be caused by impact dose accumulation. Examples of the latter include chronic traumatic encephalopathy, neuropsychological deficits, dementia pugilistica, second impact syndrome, depression, sleep disorders, difficulty concentrating, memory problems, headaches, dizziness, irritability, inability to perform daily living activities, chronic disability, Alzheimer disease, and Parkinson disease. 6 
Historical Review of American Football and Head Injury
Modern varsity football helmets, like that shown in Fig. 6 , have been developed and refined over the course of the past 2 centuries in response to on-field injuries, rule changes, and injury reduction strategies. As shown in Fig.  7 , football and injury risk in football have a storied history in the US dating back to the first game between Princeton and Rutgers on November 8, 1869. Around the turn of the century, football was becoming known as much for violence as for play on the field. This led innovators to reduce injury risk through various measures, including the prohibition by law of the famed "flying wedge" formation (1893), the introduction of the first leather headgear (1896), the endorsement by President Roosevelt of safer rules of play to address the 18 on-field fatalities in 1905, and the institution of the forward pass (1906) . Innovations post-World War I included the formation of the NFL (1922), the development of the first face mask (1935), and the patenting of the first plastic helmet by Riddell (1940) . During the 1940s, several authors published the initial pioneering data on head impact tolerance and cerebral concussion related to linear acceleration. In these studies, however, "cerebral concussion" referred to a direct insult to the skull and brain causing obvious, macroscopically visible severe injury as opposed to the 21st century description of cerebral concussion causing no visible skull or brain injury. In 1948, among concerns that hard-shell helmets increased injury risk, the NFL banned hard-shell helmets for 1 year. By 1956, the first face mask penalties were instituted in the NFL to protect players' heads and necks. By 1966, rotational head injury theories were proposed, linking brain tissue shearing to dysfunction. Also in 1966, Gadd developed a head injury severity index, the GSI, based on acceleration during head impact.
In 1969, 38 football-related fatalities occurred na- tionwide. As a response to this appalling statistic, the NOCSAE was formed in 1969. It established the first football-helmet testing standard in 1973, using the GSI. In further efforts to reduce severe injuries, the pioneering work of Dr. Joseph Torg and the NOCSAE contributed to rule changes in 1976 that outlawed using the head as the initial blocking or tackling contact point. In 1980, further rule changes placed greater restrictions on contact with the head, neck, and face, with personal foul penalties being instituted for striking, swinging, or clubbing these sensitive areas. In 1984, the football-related second impact syndrome, that is, the risk of suffering a devastating head injury when returning to play before a first head injury has fully healed, was first posited in the medical literature. These advances in understanding catastrophic football injuries and rule changes culminated in a fatality-free season in 1990.
In the 1990s, concern was mounting regarding what was described as mild TBI. In 1994, the NFL established the Mild Traumatic Brain Injury Committee to investigate head injury in football. By 1996, the NFL instituted personal foul penalties and monetary fines for hits with the helmet or to the head of an opponent. By 2003, the first finite element model to quantify skull and brain injury risk was made available to the research community via the SIMon program. Brain injury risk simulation tools and innovative traumatic neuromechanics research played key roles in the 2003-2009 publications of sev-eral well-known laboratory impact studies that simulated on-field NFL collisions. By 2009, heightened awareness regarding concussion and the long-term sequelae associated with repeated concussive and subconcussive brain injuries had emerged. The level of awareness was further escalated by the well-publicized passage of the Zackery Lystedt law in Washington State, the first law to specifically address concussion in youth sports. That same year, a seminal study was published regarding chronic traumatic encephalopathy, a type of progressive brain deterioration found in the autopsied brains of football players and several other ex-athletes with a history of head impact dose accumulation over years. Congressional hearings on safety in football were held in 2009 and 2010 amid a rash of media coverage on the decline and deaths of several high-profile athletes with a history of head impacts. Finally, in 2011, bills were introduced in the Senate and House of Representatives that addressed adult helmet safety standards, moved to establish youth helmet safety standards, and proposed the investigation of potentially deceptive advertising language pertaining to helmet-related concussion protection.
The GSI
Although severe head and neck injuries were greatly reduced 36 after the NOCSAE football helmet standards and rule changes were instituted in 1970s and 1980s, the latest data indicate that the incidence of concussion is climbing. 19 One possible reason for the increase in concussions is that the NOCSAE GSI threshold is no longer a state-of-the-art injury predictor. The GSI has long been known to have major deficits when applied to the padded-head impacts in football. A prime example can be found from the early 1970s: a bare-head impact duration of < 15 msecs was "considered safe as far as cerebral concussion is concerned." 27 But based on published onfield data, [11] [12] [13] [14] 46, 47 we now know that clinically symptomatic concussions have resulted from impacts lasting less than 15 msecs. Furthermore, while on-field impacts can have a characteristically shaped acceleration curve that is similar to that for an NOCSAE test (Fig. 8) , the NOCSAE test curves have a widened pulse width and longer duration that are not indicative of head impacts on the field of play. Additionally, the Head Injury Criterion, 54 a GSI derivative, was declared insufficient as a helmet standard injury risk metric years ago, 15 and preeminent researchers have called for an end to its use as a head injury risk quantifier. 32 All of these findings bring into question the on-field protectiveness translation and clinical relevance of the GSI as the sole football head injury risk metric in use by the NOCSAE.
Modern Football Concussion Studies
Interest in concussion escalated exponentially in the 1990s and was initiated in large part by the highly publicized and premature retirements of notable professional US football players, including Merril Hoge and Al Toon, due to the cumulative adverse effects of concussion. In response, the NFL proactively formed the Mild Traumatic Brain Injury Committee in 1994 (currently the NFL Head, Neck and Spine Medical Committee) to better understand NFL player head impact dose and traumatic neuromechanics. First published in 2003, several elegant laboratory experiments used instrumented crash test dummies and "newer" (for example, varsity) helmets in very high impact dose NFL in-game head impact reconstruction studies. 41, 42, 55 Peak linear head accelerations in the range of 50g-150g were produced. These studies led to the conclusion 55 that "with newer (varsity) helmets, there was a trend toward 10 to 20% lower risks of concussion." But "lower risks of concussion" were defined solely by severe skull fracture and brain injury risk, which is inconsistent with the current clinical and neuromechanical definition, as described above.
In another study published in 2006 and funded by the football helmet maker Riddell, among 2141 high school football players wearing the varsity Riddell Revolution model and "standard" helmets, researchers determined that "the Revolution helmet was associated with approximately a 31% decreased relative risk and a 2.3% decreased absolute risk for sustaining a concussion." 8 Authors of this study also concluded that the published NFL mild TBI studies have "led to changes in helmet design and new helmet technology, which appear to have beneficial effects in reducing the incidence of cerebral concussion in high school football players." Note that the validity of this study's results were challenged on the basis of methodological flaws, bias, and conflicts of interest. 9 Recently, instrumented varsity Riddell Revolution football helmets were used in high school and collegiate competitions. A mean calculated center of gravity acceleration of 22g-32g was found for on-field impacts. 5, 12, 20, 35 These data strongly suggested that routine on-field head impact doses in high school and college were in the subconcussive range as compared with the aforementioned NFL studies of 50g-150g impacts. 41, 42, 55 Our Study
The pre-World War II vintage leather helmets in our tests, despite their lack of technologically advanced energy-absorbent materials, frequently were associated with head impact doses and theoretical injury risks that, based on linear acceleration, angular acceleration, angular velocity, neck force, and neck moment measures, were similar to or lower than those for several 21st century varsity helmets in near-and subconcussive impacts. More surprisingly, although varsity helmets have been optimized to meet the linear acceleration-based GSI head injury risk criterion, 17 our results indicated that the vintage leather helmets allowed comparable linear acceleration performance in the front and oblique front impact directions. The leather helmets also performed surprisingly well as compared with modern varsity helmets in terms of angular acceleration, angular velocity, neck force, and neck moment responses in nearly all conditions except lateral angular acceleration. Even in cases in which the varsity helmets were associated with superior angular responses, these differences in our near-and subconcussive impacts were not associated with a meaningful reduction in head injury risk based on current data. 1, 2, 17, 20, 26, 27, 29, 34, 40, 44, 52, 54 Using the SIMon finite element model, 52 brain injury risk metrics relating impact dose to DAI (CSDM05) and acute subdural hematoma (RMDM) indicated that in many cases the leather helmets outperformed varsity helmets. Even the potential theoretical risk of brain contusions due to vacuum pressure, as measured by the DDM, in the leather helmets was similar to that for the varsity helmets, that is, near 0 in all impacts. In short, while the impact dose for the leather helmet exceeded that for some of the varsity helmets in a few specific impact-testing scenarios (for example, lateral linear acceleration, oblique rear linear acceleration, rear linear acceleration, and lateral angular acceleration), in the majority of our impacts the impact dose for the leather helmet was equal to or less than that for the varsity helmets. Hence, we propose that head injury risk reduction with the leather helmet was quantifiably and probably clinically comparable to that with the varsity helmets for the near-and subconcussive impact doses for most of the dosage parameters studied. These findings were in stark contrast to those in published works touting the "10 to 20% lower risks" 55 and "31% decreased relative risk" 9 of concussion when using 21st century varsity helmets in comparable dose on-field impacts.
Our results may be related in part to the near-and subconcussive helmet-to-helmet impact doses we utilized. Our impact doses replicated common on-field nearand subconcussive impact doses up to approximately the 95th-percentile severity. Therefore, unlike higher-dose concussive NFL varsity helmet studies 41, 42, 55 or helmetanvil impact tests to quantify severe skull fracture and brain injury, 38,39 the impacts studied here probably did not appreciably engage the varsity helmet impact-attenuating systems that have been optimized for NOCSAE helmetanvil tests. Thus, while the leather helmets offered little in the way of modern energy-absorbing technology, varsity helmet stiffness may have provided less than optimal energy absorbency in the common near-and subconcussive impacts we studied. Based on the impacts tested, it appears that much could be gained in terms of future varsity helmet designs by developing strategies that minimize linear and rotational head impact dose and dose accumulation in these most common on-field impact scenarios.
Finally, our findings provide preliminary insights into the lower head impact energy and momentum dose currently endured by youth football players wearing helmets similar to the modern varsity helmets studied here. These are very important considerations for the future of football, especially as they apply to the more than 3 million youth players in the US (http://usafootball.com/sites/ default/files/USA_Football_one_pager_Dec_2010.pdf). Currently, there exists no head or neck injury risk standard specifically tailored for youth football helmets, and unlike youth baseball with its discrete pitch counts aimed at preserving developing upper extremities, there is no cap on the number of head impacts sustained during practices and games played by youths with developing neurological systems. In youth football, in which children as young as 6 years of age regularly incur head impacts, injury risk standards and limits on head impact doses are desperately needed to minimize short-term acute head injury risk and long-term risk due to dose accumulation. Recent legislation introduced in the US Congress serves as notice regarding the critical nature of the need for these safety standards. 7, 8 Additionally, helmets used in youth football have historically been scaled-down "little adult" versions of varsity helmets. Therefore, scaling down varsity football helmets fails to consider youth players' impact condi-tions, anthropometry, developing spinal musculature, maturing brain, and head-neck size disparity. And thus, today's youth helmets may have energy-absorbing features that are not optimized for these lower-dose impacts. Our findings provide reasons to further explore this theory.
Study Weaknesses
This study had several intrinsic weaknesses. First, pendulum impact testing involved the use of a custom impact setup requiring modification of the NOCSAE headform to attach it to the Hybrid III neck as well as the removal of some material from the headform "mouth" to rigidly affix the angular velocity sensors to the headform. This attachment may have over-compressed the Hybrid III neck rubber nodding blocks. However, because the NOCSAE drop testing standard 38,39 was the only standard means of quantifying football helmet protectiveness and because this standard utilized a helmeted headform without a face mask, there was no standard impact setup that incorporated the neck or angular velocity measurement. Therefore, although our impact setup was nonstandard, it was designed solely to conduct highly controlled horizontal impacts with energy similar to that in the NOCSAE standard 38,39 while providing added monitoring of additional injury risk parameters.
Second, we did not include face mask impacts in our testing paradigm. The face mask has been shown to be a common contact point and to have potential influence on concussive injury risk. 41, 42, 55 Nevertheless, face mask impacts were not assessed because of the chaotic nature and high variability found in prior face mask impact studies.
Third, we studied only a limited number of helmets and impact combinations. We tested, through a limited combination of impact direction and dosage, a single sizelarge helmet (each with 1 type of face mask and chinstrap) of each of the 11 varsity models meeting the NOCSAE football helmet standard. Because of potential variability among same-model helmets, a statistically relevant population of each helmet make, model, face mask, and chinstrap may need to be studied under a variety of additional impact scenarios for a complete impact response data set. Regardless, to determine statistically relevant sample sizes for each helmet, one must consider that there were literally infinite numbers of football helmet impact conditions from which to choose. Therefore, we picked our highest priority near-and subconcussive impact conditions but recognized that many more tests than those conducted here would be required to more fully understand this complex domain. The small sample size used here should be expanded to accurately determine intrahelmet variability and its effects on testing results.
Future Work
Helmet fit and influence on injury risk metrics must be studied in the future. Helmet manufacturers encourage players to wear a snug-fitting helmet for proper onfield competition as well as for injury risk mitigation. And in our study, all helmets tested were snugly fitted per the qualitative description within the NOCSAE football helmet standard. 38, 39 But snug-fitting helmets might not necessarily minimize injury risk. There may have been an advantage to helmet padding with an increased compliance at the padding-skin interface to allow for more energy absorption; however, this was not tested here. Moreover, strategies, such as the use of a semisoft energy-absorbing shell, viscoelastic padding, or breakable helmet components (such as styrene foams inserted into automotive bumper systems), may have provided added protection via reduced energy transmission to the brain. Furthermore, the effect of potential degradation of helmet shell integrity due to solvent-substrate interactions during helmet reconditioning should be investigated. If reconditioned helmet painting did degrade the polymer shell, it would probably influence helmet protection. Finally, future studies on helmet standards as well as on varsity and youth football helmets must be conducted to promulgate helmet outer shell, interior padding, and face mask design strategies that minimize both acute concussion risk caused by single-impact dosage and long-term brain injury risk due to subconcussive impact dosage accumulation.
Conclusions
Our findings indicated that varsity helmets, which have been optimized toward high-severity linear acceleration dose attenuation, frequently did not provide substantial protective superiority in near-and subconcussive head impacts as compared with leather helmets. Helmet manufacturers must consider strategies that minimize high-severity dose impacts (for example, severe skull fracture and brain injury) as well as lower-severity dose impacts (for example, acute concussion and clinically silent subconcussive impacts).
Furthermore, the data presented here strongly suggest that the GSI, which rates helmet protectiveness based solely on the risk of severe skull fracture, is insufficient as a stand-alone concussion or near-concussive injury risk metric. Hence, the GSI should no longer be used as the sole metric for assessing football helmet protectiveness. There currently exist voluminous in vivo head impact, finite element modeling, and crash test dummy data in the peer-reviewed literature that can serve as a strong foundation from which statistically and experimentally sound 21st century head and neck injury risk metrics for American football helmets could be rapidly developed. The results of our study provide a rationale for doing so.
We believe that American football governing bodies should mitigate head and neck injury risk by limiting impact dose accumulation. Furthermore, we believe that American football helmets should be designed to minimize high-severity dose (fracture and brain injury) and low-severity dose (concussive and subconcussive) impacts. Finally, we believe that youth helmet testing standards, which would have a great effect on youth helmet protectiveness, must be rapidly advanced to minimize head impact dose as well as short-and long-term head and neck injury risk in maturing athletes.
